Germanium-tin (Ge 1-x Sn x ) alloy is an attractive Group IV material with higher carrier mobilities than that of germanium (Ge) 1 and could potentially be used as the channel material for future metaloxide-semiconductor field-effect transistors (MOSFETs). High hole mobility Ge 1-x Sn x p-channel MOSFETs (p-MOSFETs) have already been reported. [2] [3] [4] [5] [6] [7] [8] [9] In addition, theoretical calculation and experimental measurements show that Ge 1-x Sn x transits from indirect bandgap to direct bandgap at critical Sn composition between 6% and 11%. 10, 11 This makes Ge 1-x Sn x a promising material for applications in tunneling FETs and photonic devices, [12] [13] [14] [15] [16] [17] [18] [19] e.g. Ge 1-x Sn x lasers.
The electrical properties of Ge 1-x Sn x and Ge transistors have been studied extensively. [20] [21] [22] [23] [24] [25] The carrier mobility can be effectively increased by introducing asymmetric in-plane strain. 26 For example, for Ge n-channel MOSFETs (n-MOSFETs) with uniaxial strain in the source-to-drain or channel direction, the highest electron mobilities for (111), (110), and (001) substrates are in the [110] , [110] , and [110] transport directions, respectively. 27 For Ge p-MOSFETs fabricated on the (100) substrate, introducing uniaxial compressive strain in the hole transport direction [110] is effective in increasing the hole mobility. 28, 29 Uniaxially strained SiGe and Ge can be formed by patterning the biaxially strained materials into fin or nanowire structures to relax the transverse strain (perpendicular to carrier transport direction) while maintaining the longitudinal strain (parallel to carrier transport direction). 28, 30 While uniaxially strained Ge 1-x Sn x is desirable for high mobility Ge 1-x Sn x MOSFETs, there have been no reports on the realization of uniaxially strained Ge 1-x Sn x fin structures.
In this work, strain relaxation of Ge 1-x Sn x fins with different fin widths (W Fin ) was studied using Raman spectroscopy and finite element (FE) simulation. The Ge 1-x Sn x fins are anchored at both ends to two large pads and were patterned on a strained GeSn-on-insulator (GeSnOI) substrate in which the Ge 1-x Sn x layer is fully biaxially strained before fin formation. The Ge 1-x Sn x fins have W Fin ranging from 1 µm down to 80 nm. They were formed on the GeSnOI substrate using electron beam lithography (EBL) and inductively-coupled plasma (ICP) dry etching. The relationship between W Fin and strain relaxation in the fin width direction (R yy ) and is quantified by both simulation and experiment results.
The GeSnOI wafer was fabricated by direct wafer bonding (DWB) and layer transfer technique. 31 The details are introduced in Ref. 32 . The donor wafer is a ∼100 nm-thick Ge 0.92 Sn 0.08 layer formed on a ∼1 µm-thick Ge buffer grown by chemical vapor deposition (CVD) on a Si substrate. The Ge 0.92 Sn 0.08 layer is fully compressively strained (-1% strain) to the Ge buffer layer. A SiO 2 layer was deposited on the sample surface by plasma enhanced CVD (PECVD). Chemical mechanical polishing (CMP) was used to smoothen the surface. After that, the Ge 1-x Sn x donor wafer was bonded to a Si wafer. The backside Si was removed by wet etching. The 1 µm-thick Ge buffer layer was thinned down using F-based dry etching and the Ge 0.92 Sn 0.08 layer was further thinned down to ∼35 nm using a Cl-based plasma to complete the GeSnOI substrate formation. After forming the GeSnOI substrate, the Ge 0.92 Sn 0.08 layer was thinned down to ∼35 nm. The Ge 0.92 Sn 0.08 layer has very good crystalline quality and has the same strain before and after the GeSnOI substrate formation. 33 Ge 0 Q Z using the following equations:
Based on the calculated a x and a z lattice constants, the Sn composition of 8% and the compressive strain of -1% in the Ge 1-x Sn x layer can then be obtained using Vegards' law. 14 Micro-Raman spectroscopy was performed using a Witec alpha 300 R confocal Raman system equipped with a 532 nm green laser source. Only longitudinal optical (LO) phonon band can be observed because of the micro-Raman geometries and selection rules. The Raman signal was collected using an integration time of 10 seconds to avoid possible Sn segregation due to heating by the laser. 34 The Raman peak shift ∆ω of Ge 1-x Sn x alloys with respect to bulk Ge in Ge-Ge LO mode can be expressed as 25 ∆ω = ax + bε = −83.11x − 374.53ε,
where a is the alloy disorder coefficient, b is the strain coefficient, x is the Sn composition, and ε is the in-plane biaxial strain. For the blanket Ge 0.92 Sn 0.08 -on-insulator sample without fin patterning, the Raman peak position is at 298.4 cm -1 (Fig. 3) . The Raman peak position for the bulk Ge is at 301 cm -1 . As the Sn composition x is 0.08, the initial strain in the blanket biaxially compressively strained Ge 0.92 Sn 0.08 layer is calculated to be ∼1%, which is consistent with that obtained by the X-ray Diffraction (XRD). Fig. 3 shows the Raman spectra of Ge 0.92 Sn 0.08 fin structures with fin width from 800 nm to 80 nm. The spectrum of relaxed Ge substrate is also plotted as a reference. It can be observed that the Raman peak shifts toward the lower wavenumbers with decreasing fin width. This indicates that the compressive strain in the fins is gradually relaxed by reducing the fin width. FE simulation is used to further analyze the strain components in the longitudinal direction (x) and transverse direction (y) of the Ge 0.92 Sn 0.08 fin, as shown in Fig. 4(a) . Fig. 4(b) shows the strain layer is chosen because the penetration depth of the laser used for Raman spectroscopy is around 20 nm. Simulation shows that along the transverse direction, the compressive strain ε yy decreases gradually as fin width decreases. However, the strain ε xx is maintained at -1% along the longitudinal direction. For fin width of 30 nm, ε yy is almost fully relaxed. For W Fin smaller than 30 nm, the strain is predominantly uniaxial (ε xx ). FE simulation shows that ε yy relaxes with decreasing fin width, while ε xx remains constant. The fin height and the remaining HSQ cap can affect the strain relaxation, and this is consistent with FE simulation. A more severe strain relaxation was observed in the Ge 0.92 Sn 0.08 fins with taller fins and without the HSQ cap. For Ge 1-x Sn x under uniaxial strain, the Raman peak shift ∆ω uniaxial due to uniaxial strain ε yy can be expressed as: 35 
where S ij,Ge and S ij,Sn are the elastic compliance constants for Ge and Sn, respectively. The parameters of elastic compliance constants for Ge and Sn are given in Table I . The elastic compliance constants of Ge 0.92 Sn 0.08 are calculated to be: S 11 = 1.049, S 12 = -0.288, and S 44 = 1.6. Therefore, the ∆ω uniaxial due to uniaxial strain is
Assuming that the strain along the longitudinal direction is retained at -1% in the Ge 0.92 Sn 0.08 fins, the strain relaxation in the transverse direction can be calculated using:
The Raman peak positions of Ge 0.92 Sn 0.08 fin with various fin widths are summarized in Fig. 5(b) . The Raman peak positions are extracted by fitting the spectra with a Gaussian function. At each fin width, the micro-Raman measurements were performed at 5 fin patterns with the same fin dimensions. The Raman peak position used for the calculation of strain relaxation is averaged from these 5 measurements. The error bars in Fig. 5(b) indicate the maximum and minimum Raman shift. The strain relaxation in the Ge 0.92 Sn 0.08 fin width direction can be extracted using equation (8) , and is plotted in Fig. 5(b) . The strain relaxation R yy in the Ge 0.92 Sn 0.08 layer increases with decreasing fin width. For fin width of 80 nm, the R yy is ∼90%. The experiment result is consistent with the simulation result as shown in Fig. 5(a) and (b) . In summary, Ge 0.92 Sn 0.08 fin structures with different fin widths ranging from 1 µm to 80 nm were formed on the GeSnOI substrate. Strain relaxation in the Ge 0.92 Sn 0.08 fin structures was studied by Raman spectroscopy. Relaxation of strain ε yy in the transverse direction increases with decreasing fin width. FE simulation results show that the strain only relaxes in the transverse direction and complete relaxation of ε yy occurs at fin width of less than 30 nm. Uniaxially compressively strained Ge 1-x Sn x can be obtained from biaxially compressively strained Ge 1-x Sn x layer by patterning it into nanoscale fins. This can be used to achieve higher hole mobility in Ge 1-x Sn x channel multi-gate p-FETs as compared with biaxially strained Ge 1-x Sn x channel p-FETs.
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